Abstract. Invertebrate nervous systems serve as important models for neuroscience research because they are comprised of relatively small numbers of individually identified neurons. There is no universal means of documenting locations of individual neurons that allows variability between specimens and can be generalized to different species. We present a new technique for visualizing and documenting neuron location. First, we describe a 3D user interface that allows neuroscientists to directly mark neuron locations on a 3D deformable model. A new mapping scheme is proposed that specifies the location of a neuron in a common coordinate system that accommodates the individual variability in size and shape of ganglia.
Introduction
Understanding brain function depends upon identifying neuronal elements and their connections. Molluscan nervous systems have provided important models in studies of learning, memory [1] and motor pattern generation [2] because they are comprised of individually identifiable neurons. The brains of these animals contain about 6000-10,000 neurons clustered in ganglia. In contrast, the mammalian brain has about 10 11 neurons, which fall into about 6000 classes. Therefore, the molluscan nervous system can be used as a model for developing a database of neurons and connections; if the model includes a method of identifying and recording the location of each neuron's cell body.
In opisthobranch molluscs, such as Tritonia diomedea, which we are using as our model system, the cell bodies of neurons lie on or near the surface of the ganglia. Two mapping problems must be solved: (1) a 3-D UI must allow for individual shape and size variations of Tritonia ganglia so neuroscientists can mark the locations of a neuron; and (2) coordinates must be transformed to a common coordinate system, independent of the specimen geometry, such that location information can be searchable.
Background
Neuron localization is the process of assigning each neuron a coordinate so that one can recognize the same or similar neurons in different brain specimens. Neuron localization is difficult because (1) brains can be variable in shape; (2) different terms are used to describe a given brain region in different species, and the same term is used to describe different regions; and (3) boundaries of regions are sometimes ambiguously defined [3] .
Many research efforts have addressed the neuron localization problem [4] [5][6] [7] . The resulting method can be summarized as follows: (1) a 2D or 3D brain atlas is created from brain cross section images. The most notable example is the Talairach-Tournoux brain atlas [8] ; (2) a coordinate system is defined based on certain features or landmarks on the brain atlas; (3) the atlas is then manipulated to match the features or landmarks on the given target dataset, or vice versa. The manipulations range from simple linear transformations to sophisticated physics based deformations [9] [10] . (4) After the atlas is fitted to the data set, the features are assigned coordinates. This method, which depends on brain cross-section images, is used when important brain structures reside on the interior of the brain. In molluscan brains, however, neurons reside at or near the surface.
3D user interface for neuron location identification
The user interface, while being easy to use, should also accurately represent neuron location relative to a brain atlas. The brain atlas is created using a standard 3D graphics package --Blender. Figure 1 shows a reference 3D model composed of 4 individual lobes that are generated separately and then placed together to form a complete model of the Tritonia brain. Figure 2 shows a photo of a typical Tritonia brain. The reference model must be adjusted (deformed) to visually match the actual specimen. To help the user accurately deform the model, our interface will display a photo of the specimen, overlaid with the semi-transparent 3D brain atlas. The user deforms the atlas with global scaling, rotation, and translation, to approximate the photo. Then, local deformations can fine-tune the match. A "Wire" deformation [11] algorithm is adopted here, due to its simplicity, efficiency and good interactive con- trol. To use the atlas, the user marks a point that matches the location of the neuron under study. The location information can then be extracted by the system and stored in the database. The interface also can be used in reverse, i.e. upon selecting a location or a small region, information about neuron(s) at that location or within the region can be retrieved from the database and displayed to the user.
A common coordinate space for neuron localization
An obvious solution to neuron localization is to keep a unique index of each vertex, record the index of the selected vertex, and then retrieve the reference x, y, z coordinates from an index table. There are several problems with this approach: (1) excessive memory is required to store an index to reference vertex table; (2) changes in the reference model that result in re-indexing will corrupt location information; and (3) storage of the reference x, y, z will make marking of a deformed model computationally intensive. We propose mapping the 3D atlas to a 2D image space with texture mapping. Each vertex on the 3D atlas will have a corresponding texture coordinate, which is calculated with a standard parametric equation when the texture is applied to the model. Thus, each vertex on the 3D atlas is mapped to a pixel on the texture image. Once the initial correspondence is established, the texture coordinates are not recalculated during the deformation process described in section 3. Thus, for Tritonia neuron localization, the texture coordinate is stored instead of the x, y, z coordinates in 3D space.
The size and shape of the brain atlas may change, but the texture mapping remains stable, since the same parametric equation was used to map the texture coordinates for the vertices. As long as the texture is mapped completely onto the object, the relative location of each pixel of the texture image will be in the same location within a small margin of error. Thus the texture image provides a common coordinate space for comparing neurons. This technique allows for the calculation of average location for a series of observations and a statistical view of neuron location.
Results and discussion
We have created a prototype Tritonia brain model (Figure 1 ) using an open source modeling tool. We are designing and developing a simple interface that allows users to mark neuron locations. The proposed solution has the following benefits: (1) changes to the reference model will not alter the location information, even if the reference vertex locations change; (2) texture coordinate calculation is performed by the modeling software with minimal computing cost; and (3) our neuron localization algorithm can be easily adapted to other species by simply creating a new 3D model.
Our solution also has it limitations: (1) this method works only for brain models where neurons are on or close to the surface; (2) users may need practice to match the atlas model to a specimen; and (3) the texture mapping may not be an exact one-toone mapping, which may lead to some inaccuracy in neuron mapping -this problem can be reduced by matching the resolution of the 2D image with that of the 3D atlas.
Conclusion and future work
We have discussed our 3D user interface for marking neuron locations directly onto a 3D brain atlas. The 3D interface and the deformable 3D brain atlas can also be used to query the neuron database using positional information. We also discussed a new method for mapping neuron locations by using a technique similar to texture mapping. As a result, the user is able to compare the same neuron on different brain specimens in a common coordinate system. Although our algorithm is primarily designed for Tritonia brains, it can be easily adapted to other species by introducing a new brain atlas and adjusting the mapping equations.
